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ABSTRACT The effects of two peptidyl-transferase inhib-
itors, anisomycin and sparsomycin, on ribosomal frameshift-
ing efficiencies and the propagation of yeast double-stranded
RNA viruses were examined. At sublethal doses in yeast cells
these drugs specifically alter the efficiency of 21, but not of
11, ribosomal frameshifting. These compounds promote loss
of the yeast L-A double-stranded RNA virus, which uses a
programmed 21 ribosomal frameshift to produce its Gag-Pol
fusion protein. Both of these drugs also change the efficiency
of 21 ribosomal frameshifting in yeast and mammalian in
vitro translation systems, suggesting that they may have
applications to control the propagation of viruses of higher
eukaryotes, which also use this translational regulatory mech-
anism. Our results offer a new set of antiviral agents that may
potentially have a broad range of applications in the clinical,
veterinary, and agricultural fields.

Programmed 21 ribosomal frameshifting is a mode of regu-
lating gene expression used predominantly by RNA viruses
and a subset of bacterial genes to induce elongating ribosomes
to shift reading frame in response to specific mRNA signals
(reviewed in refs. 1–3). In the yeast L-A double-stranded RNA
(dsRNA) virus, a 21 ribosomal frameshift event is responsible
for the production of a Gag-Pol fusion protein (4). M1, a
satellite dsRNA virus of L-A that encodes a secreted killer
toxin, is encapsulated and replicated using the Gag and
Gag-Pol gene products synthesized by the L-A virus (reviewed
in ref. 5). Maintaining the appropriate ratio of Gag to Gag-Pol
is critical for maintenance of the M1 virus (6). A screen for
mutations that increased the programmed 21 ribosomal
frameshift efficiencies identified nine chromosomal mof mu-
tants (maintenance of frame), many of which promoted the loss
of the satellite killer M1 (6–8).

One of the most extensively studied examples of the link
between the processes of mRNA translation and turnover is the
observation that premature translational termination can en-
hance decay rates of mRNAs in a process called nonsense-
mediated mRNA decay (9). In the yeast Saccharomyces cerevisiae,
mutations in the UPF1, UPF2, and UPF3 genes inactivate the
nonsense-mediated mRNA decay pathway and promote suppres-
sion of certain nonsense alleles (10–12). Recent results also have
demonstrated that the Upf1 protein (Upf1p) is a modulator of
nonsense-mediated mRNA decay, translation termination, and
programmed 21 frameshifting (13–15). Molecular and genetic
analysis of the mof4–1 allele demonstrated that it is allelic to
UPF1 (15). Further, mof4–1 strains are more sensitive to the
aminoglycoside antibiotic paromomycin and the efficiency of
programmed 21 ribosomal frameshifting increased in a mof4–1

strain grown in the presence of this drug (15). These observations
support the hypothesis that certain classes of translational inhib-
itors may specifically affect programmed 21 ribosomal frame-
shifting and promote virus loss in wild-type cells.

Many viruses of clinical, veterinary, and agricultural impor-
tance use programmed frameshifting for the production of their
structural and enzymatic gene products (reviewed in ref. 16), and
we suggest that programmed ribosomal frameshifting is a unique
target to identify antiviral agents. Because both 21 and 11
ribosomal frameshifting are driven by ribosomal pause events
(reviewed in refs. 1 and 2), it is reasonable to assume that
changing the kinetic parameters of these pauses may, in turn, alter
frameshift efficiencies. Further, because frameshifting in either
direction occurs during translation elongation, the kinetics of
ribosomal pausing are subject to the three kinetically rate limiting
steps in this cycle: (i) selection and insertion of cognate amino-
acyl-tRNA (aa-tRNA) into the ribosomal A-site, (ii) peptidyl
transfer, and (iii) translocation. Programmed 21 ribosomal
frameshifting occurs while both ribosomal A- and P-sites are
occupied by cognate tRNAs, i.e. after step 1 and before step 3. In
contrast, Ty1-promoted 11 ribosomal frameshifting occurs while
only the P-site is occupied by peptidyl-tRNA, i.e. after step 3 and
before step 1. Thus, these two mechanisms should be experimen-
tally separable. We have developed in vivo and in vitro pro-
grammed frameshifting assays to monitor the effects of drugs that
are known to affect the translation elongation process to deter-
mine how they affect programmed ribosomal frameshifting. Here
we report that peptidyl-transferase inhibitors specifically affect
the efficiency of programmed ribosomal frameshifting in the 21
direction and that these agents also promote loss of the yeast
dsRNA killer viruses.

MATERIALS AND METHODS
Strains and Media. S. cerevisiae strains used in this study were

JD88 [MATa ura3–52 lys2–801 ade2–10 trp1-D1 (L-AHNB)
(M1)], JD96 (which is JD88 cured of the killer viruses), and 5347
(killer test strain (MATayMATa his1y1 trp1y1 ura3y1 K2 R2).
YPAD, complete synthetic medium, and 4.7 methylene blue
plates for testing the killer phenotype were as previously reported
(7). Anisomycin was purchased from Sigma. Sparsomycin was
generously provided by S. Pestka (Robert Wood Johnson Med-
ical School).

Genetic Methods. Transformation of yeast and Escherichia
coli was performed as described previously (4, 15). Killer tests
and b-galactosidase (b-gal) assays were as described previously
(4, 6, 7, 15). Measurement of the effects of anisomycin and
sparsomycin on ribosomal frameshifting efficiencies involved
inoculating selective medium containing the indicated con-
centrations of drugs with cells harboring the ribosomal frame-
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shift reporter plasmids to an OD595 5 0.1. Cultures were
subsequently incubated for 5 hr at 30°C, after which b-gal
activities and ribosomal frameshifting efficiencies were deter-
mined by calculating the ratios of b-gal activity in cells
harboring the frameshift test vectors (21 5 pF8; 11 5
pJD104) to b-gal activity in cells harboring the 0-frame control
(pTI25) and multiplying by 100% (4, 17). All assays were
performed in triplicate. To measure rates of killer phenotype
loss, JD88 cells were inoculated into YPAD containing the
indicated concentrations of either sparsomycin or anisomycin
and incubated at 30°C for 1 to 5 days, aliquots of cells were
removed every 24 hr, streaked for single colonies onto YPAD,
and subsequently replica-plated to 4.7 methylene blue killer
indicator plates. The frequency of killer loss was measured by
the ratio of Killer2ytotal colonies. At least 100 individual
colonies were assayed for each drug concentration and each
time point.

Plasmids. The ribosomal frameshift assay plasmids pTI25
(0-frame control), pF8, and pJD104 (21 and 11 ribosomal
frameshift test plasmids) were used to determine the efficiency of
L-A-promoted 21, and Ty1-promoted 11 ribosomal frameshift-
ing respectively, and are as described previously (refs. 4 and 17;
see Fig. 1A). Plasmids p315-JD85-ter and p315-JD86-ter (15) are

21 ribosomal frameshift and 0-frame reporter plasmids, respec-
tively, which were used for analysis of lacZ mRNA abundance.

Plasmid pT7-LUC minus 39UTR-A50 (18) (referred to here
as pLUC0; see Fig. 1B) was used to produce synthetic 0-frame
luciferase-encoding mRNAs. The vector for the production of
the 21 ribosomal frameshift luciferase reporter mRNA was
constructed as follows: Single-stranded, uracil1 DNA from
pJD90 [which contains the minimal L-A 21 ribosomal frame-
shift signal derived from pF98–5D17y3D32XS (4) cloned into
BlueScript SK2] was first mutagenized in vitro with the syn-
thetic oligonucleotide 59-CTGGCGCTGCCTAGCTTC-
GAGGTCGACGATCCACTAGTTC-39 to create a unique
SalI site (bold); next, the resulting plasmid (pJD119) was
digested with HindIII and SalI, and the 123-bp dsDNA frag-
ment was cloned into HindIIIySalI-digested pLUC0 to con-
struct the 21 ribosomal frameshift luciferase reporter pJD120
(pLUC-1, Fig. 1B). In this plasmid, the luciferase gene is 39 of
the L-A 21 ribosomal frameshift signal and in the 21 frame
with respect to the AUG translational start site.

Nucleic Acid Analyses. dsRNA of L-A and M1 viruses was
prepared as described (19), separated by electrophoresis
through 1.2% agarose gels, denatured in the gels in two
changes of 30 min each of 50% formamide, 9.25% formalde-

FIG. 1. (A) Vectors used to measure ribosomal frameshift efficiencies in vivo. Plasmid pTI25 and pF8 are as described previously (4), and plasmid
pJD104 is as described previously (17). Transcription is driven from the PGK1 promoter and uses the PGK1 translation initiation codon. In pTI25,
the bacterial lacZ gene is in the 0-frame with respect to the start site. In plasmid pF8 the lacZ gene is positioned 39 of the L-A virus frameshift
site and in the 21 frame relative to the translation start site. Plasmid pJD104 is derived from pF8 (17) and contains the Ty1 11 ribosomal frameshift
signal 59 of the lacZ gene. The lacZ gene is inserted in the 11 translation reading frame relative the start of translation. Termination codons in
the 21 and 11 frames (pF8 and pJD104, respectively) are located 59 of the frameshift signals and two 0-frame termination codons are 39 of the
frameshift signal. (B) Vectors to measure ribosomal frameshift efficiencies in vitro. pT7-LUC minus 39UTR-A50 (LUC0) (18) is the 0-frame
reference plasmid. pJD120 (LUC-1) contains the L-A 21 ribosomal frameshift signal cloned into the HindIIIySalI sites of pLUC0. The luciferase
coding sequence is in the 21 reading frame with respect to the translational start site such that all luciferase activity must result as a consequence
of a 21 ribosomal frameshift event. pLUC0 and pLUC-1 were linearized with DraI and synthetic 7-methyl-Gppp-capped, poly(A)1-tailed transcripts
were made using T7 RNA polymerase.
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hyde, 13 Tris-acetate-EDTA at room temperature and trans-
ferred to nitrocellulose in 203 standard saline citrate. L-A and
M1 (1) strand RNA probes were labeled with [a-32P]UTP,
hybridized to blots, and washed as described in ref. 7. The
abundances of lacZ reporter mRNA (from p315-JD85-ter), the
CYH2 precursor, and CYH2 mRNAs were determined as
described previously (15).

In Vitro Translation. pLUC0 and pLUC-1 were linearized
with DraI and synthetic 7-methyl-Gppp-capped, poly(A)1-
tailed mRNAs were made using T7 RNA polymerase and a
MessageMachine kit (Ambion). In vitro translations used 20 ng
of either LUC0 or LUC-1 mRNA and were performed in
triplicate at the indicated concentrations of either anisomycin
or sparsomycin at 25°C. The Reticulocyte Lysate IVT kit
(Ambion) was used for reticulocyte in vitro translation assays.
JD96 cells were used as the source of translation-competent
yeast extracts, which were prepared by the method of ref. 20
and modified according to ref. 21. Reactions were incubated
for 1 hr, stopped on dry ice, and thawed on ice, and luciferase
activities were determined using a Turner 20y20 luminometer.

RESULTS
Assays to Monitor the Effect of Compounds on Programmed

Ribosomal Frameshifting. The programmed ribosomal frame-
shifting assays described below are the basis for our initial
screens for compounds that affect these processes. Our ap-
proach is to search for compounds that alter programmed
ribosomal frameshifting efficiencies and promote loss of the
M1 virus. Because programmed 21 ribosomal frameshifting
events occur while both the ribosomal A- and P-sites are
occupied by cognate tRNAs during translation elongation, we
postulated that compounds that affect the peptidyl-transferase
reaction may affect this process.

Methods to measure efficiencies of programmed ribosomal
frameshifting in vivo have been previously described (see Fig. 1A;
refs. 4, 6–8, 11, 17). A series of reporter plasmids are used in
which transcription is driven from the yeast PGK1 promoter and
terminates at the PGK1 polyadenylylation site (15). A transla-
tional start codon is followed by a multiple cloning site, followed
by the E. coli lacZ gene. Plasmid pTI25 serves as the 0-frame
control in that lacZ is in the 0-frame with respect to the
translational start site (4). In pF8, an L-A-derived programmed
21 ribosomal frameshift signal is cloned into the polylinker of
pTI25, and the lacZ gene is in the 21 frame with respect to the
translational start site. In this construct, the protein coding
sequence from the lacZ gene will be translated only if the
ribosome shifts frame in the 21 direction (Fig. 1A). The Ty1
retrotransposable element of yeast uses a programmed 11 ribo-
somal frameshift to produce its Gag-Pol fusion protein (22), a
process that occurs independently of the peptidyl-transfer reac-
tion. Thus as a control, the 11 frameshift reporter plasmid
(pJD104, Fig. 1A; ref. 17) contains the lacZ gene inserted 39 of
the Ty1 frameshift sequence and in the 11 frame relative to the
start of translation. In pJD104, the protein coding sequence from
the lacZ gene will be translated only if the ribosome shifts frame
in the 11 direction (Fig. 1A). The efficiency of 21 ribosomal
frameshifting is calculated by determining the ratio of b-gal
activities measured in cells harboring the 21 frameshift reporter
plasmid pF8 to those harboring the 0-frame control plasmid
pTI25. Similarly, calculation of 11 ribosomal frameshifting effi-
ciency is based on the pJD104 to pTI25 b-gal ratios. Because the
efficiency of programmed ribosomal frameshifting is based on the
ratio of frameshift reporter to 0-frame control b-gal activities, the
efficiencies of programmed ribosomal frameshifting were always
normalized to the effects that the drugs have on translation by
monitoring b-gal activity of the zero-frame control in cells grown
in the presence of the indicated drug. The fold change in
programmed frameshifting was determined by calculating the
ratio of frameshifting efficiency in the presence of the drugs
versus the frameshifting efficiency in cells grown in the absence

of any drug. The presence of the M1 dsRNA virus can be
monitored by replica plating colonies on a lawn of cells that are
sensitive to the killer toxin. Cells maintaining the M1 virus secrete
the killer toxin, creating a ring of growth inhibition (6).

Anisomycin and Sparsomycin Alter the Efficiency of 21, but
Not 11, Ribosomal Frameshifting in Vivo. A preliminary screen
demonstrated that anisomycin and sparsomycin, two compounds
that were previously identified to affect steps in the peptidyl
transfer center (reviewed in ref. 23), affected programmed ribo-
somal frameshifting (see below), whereas general inhibitors of
translation such as paromomycin, cycloheximide, and hygromycin
had no such effects (ref. 11 and data not shown). To determine
a suitable range of concentrations to analyze the effects of these
drugs on programmed frameshifting, cell growth was monitored
by measuring the doubling time of cells grown in rich medium at
various drug concentrations. Anisomycin concentrations ranging
from 0.76 to 3.80 mM, and sparsomycin concentrations ranging
from 0.52 to 2.60 mM inhibited overall cellular growth rates by less
than 30% (data not shown). These concentrations of the drugs
were used to investigate their in vivo effects on programmed
frameshifting.

The effect of these drugs on programmed 21 and 11 ribo-
somal frameshifting efficiencies in vivo were monitored in selec-
tive medium containing either no drug or various concentrations
of anisomycin or sparsomycin. Cells containing either the frame-
shift or zero-frame reporter constructs were grown at 30°C in the
presence or absence of the indicated drugs for 5 hr (Fig. 2). The
b-gal activities in these cells then were monitored. b-gal activity
in cells harboring the 0-frame control plasmid pTI25 decreased
less than 20% when grown at the highest concentration of
anisomycin tested and less than 50% in the presence of the highest
concentrations of sparsomycin analyzed. The fold changes in
programmed 21 frameshifting as a consequence of growing the
cells in the presence of the drugs were determined, and the results
are shown in Fig. 2. Within these ranges of drug concentrations,
the efficiency of 21 ribosomal frameshifting decreased in the
presence of anisomycin, whereas, conversely, sparsomycin in-
creased 21 ribosomal frameshifting efficiencies (Fig. 2 C and D).
These drugs were specific to 21 programmed frameshifting

FIG. 2. Anisomycin and sparsomycin specifically affect 21 ribo-
somal frameshifting efficiencies in vivo. JD88 cells containing the
frameshift indicator plasmids pTI25, pF8, or pJD104 were cultured in
selective medium in the presence of the indicated antibiotic concen-
trations for 5 hr, after which b-gal activities were determined. The
filled symbol represents the average of at least three independent
experiments. Open symbols represent high and low margins of error.
(A and B) b-gal activities produced from pTI25 as a percentage of the
no-drug controls. (C and D) The fold changes in 21 or 11 ribosomal
frameshifting efficiencies (RFS) as compared with the no-drug con-
trols [21 (solid line) 5 1.8%; 11 (dashed line) 5 5.5%].
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because neither drug had any effect on 11 ribosomal frameshift-
ing (Fig. 2 C and D).

Anisomycin and Sparsomycin Do Not Affect the Abundance
of the Reporter Transcripts. The apparent changes in ribo-
somal frameshifting efficiencies could result from changes in
the abundance of the 21 ribosomal frameshift lacZ mRNA,
which the cell may see as a nonsense-containing mRNA (see
ref. 15). To address this possibility, RNAs were extracted from
mid-log phase cells grown in different concentrations of ani-
somycin or sparsomycin, and the abundance of the lacZ
frameshift reporter mRNA was determined by Northern blot-
ting analysis. As a loading control, the blots also were probed
for the U3 snRNA and CYH2 transcript and precursor. Probing
for CYH2 provides an independent monitor of the effects of

these drugs on the abundance of another RNA that is a
substrate for nonsense-mediated mRNA decay, because the
inefficiently spliced endogenous CYH2-precursor mRNA is
normally rapidly degraded but is stabilized in strains in which
the nonsense-mediated mRNA decay pathway is inactivated
(9). Quantitation of the hybridizing bands revealed that the
abundances of the lacZ frameshift reporter mRNA, normal-
ized to the U3 snRNA, were equivalent at all concentrations
of drugs tested, and were comparable to the abundances
observed in cells not treated with the drugs (Table 1). Further,
these drugs did not affect the abundance of the CYH2 pre-
cursor (data not shown). These results indicated that drug-
induced changes in programmed 21 frameshifting were most
likely a consequence of affecting 21 ribosomal frameshifting
efficiencies and were not a consequence of altering the stability
of these mRNAs.

Anisomycin and Sparsomycin Promote Virus Loss. Chang-
ing the efficiency of 21 ribosomal frameshifting alters the ratio
of Gag to Gag-Pol proteins available for viral particle assem-
bly, consequently interfering with viral propagation (6, 7).
Therefore, we asked whether sparsomycin and anisomycin
promoted loss of L-A andyor of its satellite virus, M1. Wild-
type cells were cultured in medium containing different con-
centrations of either anisomycin or sparsomycin for up to 5
days, and every 24 hr aliquots of cells were streaked for single
colonies onto rich medium. The resulting colonies were rep-
lica-plated onto a lawn of cells sensitive to the killer toxin. Cells
maintaining the M1 virus secrete the killer toxin, creating a
ring of growth inhibition, whereas cells that have lost M1 do not
(6). The results of this assay demonstrated that both drugs
promoted rapid loss of the killer phenotype (Fig. 3 A and B).
Virus loss correlated best with increased time of incubation

FIG. 3. Anisomycin and sparsomycin promote virus loss. JD88 cells were grown in rich medium in the presence of the indicated concentrations
of drugs for 1–5 days, and aliquots of cells were removed every 24 hr, streaked for single colonies onto rich medium lacking drugs, and replicated
to killer indicator plates. (A and B) Rates of killer loss were calculated as described in Materials and Methods. Anisomycin and sparsomycin
concentrations (mM) are indicated. (C) Total nucleic acids were extracted from control (Killer1) and non-Killer colonies, separated by agarose
gel electrophoresis, transferred to nitrocellulose and hybridized with L-A and M1 (1) strand probes, and visualized by autoradiography as described
in Materials and Methods.

Table 1. Effect of drug addition on the abundance of the
reporter transcript

Antibiotic Conc., mM
mRNA

abundance*

None 1.0
Anisomycin 0.76 0.854

1.50 0.908
3.80 0.937
7.60 0.937

Sparsomycin 0.52 0.9
1.00 1.0
2.60 0.96
5.20 0.98

*The abundances of the reporter transcript in the presence of different
concentration of the antibiotics, normalized to the abundance of the
U3 snRNA, are expressed as the ratio of the no-drug control, which
is arbitrarily taken as 1.0.
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with the drugs (Fig. 3 A and B), suggesting a dilution of the
original pool of intracellular virus particles.

To determine whether loss of the killer phenotype was a
consequence of loss of virus and not interference with trans-
lation and processing of the killer toxin, a non-Killer (K2)
colony from each drug concentration in the 72-hr data set was
picked at random, total nucleic acids were extracted (19), and
equal amounts of nucleic acids were separated through a
nondenaturing agarose gel. The RNAs were transferred to
nitrocellulose and hybridized with [32P]CTP labeled L-A and
M1 (1) strand RNA probes. The results demonstrated that
these samples do not hybridize with either of the probes,
confirming that loss of the killer phenotype was a consequence
of loss of L-A and M1 (Fig. 3C). These data support the
hypothesis that drug induced changes in the efficiency of 21
ribosomal frameshifting interfered with the assembly and
propagation of L-A viral particles.

Anisomycin and Sparsomycin Affect the Efficiency of 21
Ribosomal Frameshifting in Two Different in Vitro Transla-
tion Systems. The effects of anisomycin and sparsomycin on
programmed 21 frameshifting were monitored in a yeast in
vitro translation system using a luciferase reporter system. The
system used translation competent yeast extracts from a strain
lacking the killer virus (L-A-o, L-BC-o wild-type strain) (21).
7-methyl-G-capped and polyadenylylated transcripts contain-
ing the luciferase protein coding region either lacking (0-frame
control, LUC0) or containing (LUC-1) a 21 ribosomal frame-
shift site were prepared in vitro (see Fig. 1B). These mRNAs
were added to the translation extract, and the amount of
luciferase synthesized was determined. The efficiency of pro-
grammed frameshifting was determined by multiplying the
ratio of LUC-1yLUC0 luciferase activities by 100%. The results
of these experiments are shown in Fig. 4 and demonstrate that
the effects of these drugs on programmed 21 frameshifting
observed in vivo were reproducible in this in vitro translation
system (compare Figs. 4C with 2C and 4D with 2D). Increasing
concentrations of anisomycin decreased the efficiency of 21
ribosomal frameshifting, whereas increasing concentrations of
sparsomycin increased 21 ribosomal frameshifting efficien-
cies. As determined by monitoring luciferase activities in the
samples containing the zero-frame control reporter construct,

approximately 40% inhibition of overall translation was ob-
served at the highest concentrations used (Fig. 4 A and B).

We also tested whether anisomycin and sparsomycin affect the
efficiency of 21 ribosomal frameshifting in mammalian transla-
tion extracts. The same transcripts described above (LUC0 and
LUC-1 mRNAs) were added to a rabbit reticulocyte translation
system in the presence of various concentrations of both drugs
and the effect on translation and programmed 21 ribosomal
frameshifting efficiencies were monitored as described above.
The reticulocyte extracts were approximately 10 times more
sensitive to anisomycin and 100 times more sensitive to sparso-
mycin than were the yeast extracts. In this range of concentra-
tions, both drugs stimulated overall production of luciferase from
the LUC0 mRNA (Fig. 5A and B). Fig. 5 C and D demonstrates
that, with regard to their effects on 21 ribosomal frameshifting
efficiencies, the same general trends seen in the yeast based in
vitro translation system were recapitulated in the rabbit reticulo-
cyte system. Generally, anisomycin inhibited programmed frame-
shifting, whereas sparsomycin stimulated programmed 21 ribo-
somal frameshifting. Specifically, the effects of the drugs were
more pronounced in the reticulocyte system. The highest con-
centration of anisomycin (12 nM) decreased 21 ribosomal frame-
shifting efficiencies to only 3% of the no drug control, effectively
shutting it down (Fig. 5C). The highest concentration of sparso-
mycin stimulated 21 ribosomal frameshifting 14-fold (Fig. 5D).

DISCUSSION
We previously have described a family of mutant genes in yeast
(mof mutants) that increased the efficiency of 21 ribosomal
frameshifting as promoted by the L-A dsRNA virus frameshift
signal (6–8), and identified mof4–1 as a mutant allele of the
yeast UPF1 gene that affects both programmed 21 frame-
shifting and nonsense-mediated mRNA decay (15). Strains
harboring the mof4–1 allele demonstrated greater sensitivity
to paromomycin, a drug known to enhance translational
misreading, and increased the efficiency of programmed 21
ribosomal frameshifting in a mof4–1 strain. Based on these
findings and on the current models describing programmed
ribosomal frameshifting, we speculated that certain com-
pounds known to affect the ribosomal peptidyl transferase
center may be able to recapitulate the effects of these muta-

FIG. 4. Anisomycin and sparsomycin affect 21 ribosomal frame-
shifting efficiencies in a yeast extract based in vitro translation system.
Synthetic 7-methyl-Gppp-capped, polyadenylylated mRNAs were
transcribed from DraI-digested pLUC0 and pLUC-1, and 20 ng of
LUC0 or LUC-1 mRNA was used for each in vitro translation reaction
in the presence of the indicated concentrations of anisomycin or
sparsomycin. The open squares represent the average of at least three
independent experiments. High and low margins of error are indicated.
A (anisomycin) and B (sparsomycin): Changes in 0-frame luciferase as
a percentage of no-drug controls. C (anisomycin) and D (sparsomy-
cin): % 21 ribosomal frameshifting.

FIG. 5. Anisomycin and sparsomycin affect 21 ribosomal frame-
shifting efficiencies in a rabbit reticulocyte in vitro translation system.
Synthetic 7-methyl-Gppp-capped, polyadenylylated mRNAs were
transcribed from DraI-digested pLUC0 and pLUC-1, and 20 ng of
LUC0 or LUC-1 mRNA were used for each in vitro translation reaction
in the presence of the indicated concentrations of anisomycin or
sparsomycin. The open squares represent the average of at least three
independent experiments. High and low margins of error are indicated.
A (anisomycin) and B (sparsomycin): Changes in 0-frame luciferase as
the fold of no-drug controls. C (anisomycin) and D (sparsomycin): %
21 ribosomal frameshifting.
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tions, resulting in loss of the killer virus. We hypothesized that,
at subtoxic dosages, such antibiotics still may have an effect on
how the aa-tRNAs and other factors interact with the ribo-
some, leading to changes in programmed 21 frameshifting.
Further, because Ty1-promoted 11 ribosomal frameshifting
occurs when the ribosomal A-site is vacant and the P-site is
occupied by peptidyl-tRNA (22), this process should not be
affected by peptidyl-transferase inhibitors. This hypothesis
proved correct, because sparsomycin and anisomycin, two
compounds known to interact with the peptidyl transfer center
of a ribosome (reviewed in ref. 23), altered programmed 21
ribosomal frameshifting efficiencies in vivo but had no effect
on 11 frameshifting (Fig. 2), and promoted loss of both L-A
and M1 (Fig. 3C). Neither sparsomycin nor anisomycin af-
fected the stability of the nonsense containing lacZ transcript,
suggesting that these compounds affected the translation
apparatus, perhaps by altering the likelihood of the A- and
P-site aa- and peptidyl-tRNAs to slip.

Interestingly, sparsomycin and anisomycin affected pro-
grammed frameshifting in different ways (Figs. 2, 4, and 5). The
known actions of these drugs may explain these different effects.
Anisomycin preferentially inhibits binding of the aa-tRNA stem
to the acceptor site of the peptidyl-transferase center (24). Thus,
anisomycin, destabilizes the A-site specific tRNA–ribosome in-
teraction at the level of the acceptor stem of the aa-tRNA. A 21
frameshift further destabilizes the the A-site specific tRNA–
ribosome interaction at the level of the codonyanticodon base
pairing. The sum of these two suboptimal interactions of the
A-site aa-tRNA with the rest of the translational complex may
activate the translational proofreading apparatus, such that trans-
lation is aborted preferentially in frameshifted ribosomes. Thus,
anisomycin would effectively select against frameshifted ribo-
somes. Sparsomycin stimulates binding of peptidyl-tRNA stem to
the donor site of the peptidyl-transferase center, stimulating the
formation of inert complexes between the peptidyl end of pep-
tidyl-tRNA and ribosomes, and perturbing the ribosome-donor
stem complex (25, 26). Sparsomycin may increase 21 ribosomal
frameshift efficiencies by either of two mechanisms: (i) a higher
affinity of the donor stem for the ribosome may in itself slow down
the rate of the peptidyl transfer reaction, or (ii) a change in the
steric alignment between donor and acceptor tRNA stems may
result in decreased peptidyl-transfer rates. Either of these two
scenarios would increase the amount of time that a ribosome is
paused over the frameshift signal with both its A- and P-sites
occupied by tRNA, increasing the likelihood of 21 ribosomal
frameshifting.

In the presence of either anisomycin or sparsomycin, the
alterations in frameshifting efficiencies were significant
enough to promote loss of L-A and M1 (Fig. 3C). The ability
of these drugs to cure cells of L-A is significant. Of the 31
MAintenance Of Killer (mak) and 5 mof yeast mutations that
cannot maintain M1, only three fail to propagate L-A as well
(reviewed in ref. 5). Our results indicate that peptidyl-
transferase inhibitors alter the efficiency of 21 programmed
ribosomal frameshifting, consequently changing the ratio of
available Gag to Gag-Pol, and ultimately interfere with the
viral particle assembly process.

On the whole, the alteration in programmed frameshifting
efficiency observed as a consequence of the drugs in cells was
recapitulated in an in vitro translation system. Certain differences,
however, between the in vitro and in vivo systems were observed.
The effective concentrations of these drugs used to affect pro-
grammed frameshifting were three orders of magnitude lower in
vitro than in whole cells, which is likely to be a reflection of drug
uptake and metabolism in intact cells. Also, in the rabbit reticu-
locyte extract in vitro system, subnanomolar concentrations of the
drugs stimulated luciferase production of the zero-frame control
luciferase reporter, although the effects of the drugs on pro-
grammed 21 ribosomal frameshifting efficiencies followed the
same general trends as observed in vivo. Finally, the baseline

efficiency of 21 ribosomal frameshifting is significantly higher in
vitro than in vivo. This could be indicative of differences in the
stabilities of the reporter mRNAs in the two systems. Because the
21 ribosomal frameshift reporter mRNA has two in-frame
termination codons within the first 200 bases of its 3.3-kb mRNA,
it constitutes a nonsense-containing mRNA and has been dem-
onstrated to be rapidly degraded in cells (15). The observed
differences in the baseline efficiencies of 21 ribosomal frame-
shifting may be an indication that the nonsense-mediated mRNA
decay pathway may be partially or wholly inactivated in the in vitro
translation system (data not shown). Taken together, these fac-
tors are most likely responsible for higher baseline efficiencies of
the 21 ribosomal frameshifting efficiency presented here.

The results presented here serve to further our understand-
ing of programmed 21 ribosomal frameshifting by describing
a refined conceptual framework, assays, and identifying com-
pounds that affect this process. The ultimate goal of this
research will be to identify antiviral agents. Future experi-
ments will entail elucidating how these compounds alter these
processes, and perhaps will allow us to develop better agents
to fight against viral infections.
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